Abstract
Introduction
When an underwater vehicle is operating, the supporting ship is staying on the working spot by dynamic positioning system. But the heave motion of the supporting ship cannot be restricted. The underwater vehicle connects the supporting ship with an umbilical which transmits information from the underwater vehicle to the ship and transfers energy from the ship to the underwater vehicle. Remotely Operated Vehicle (ROV) has a Tether Management System (TMS). With the help of TMS, the Launch And Recovery System (LARS) puts the ROV from the supporting ship to the underwater place. After accomplishing the determined tasks, the LARS reclaims the ROV from underwater place to the deck.
The heave motion of the supporting ship will transfer to the TMS of the ROV. The heave movement of the TMS makes the launching and recovering operation difficult. The movement between supporting ship and underwater vehicle will affects the normal underwater operation. If the working condition of the ROV becomes rough, operating the ROV will become difficult and the umbilical may break, thus results in the ROV lost. "Kaiko", the only full ocean depth ROV in the world which has the survey deepness of more than 10000 meters, lost in 2003. The ROV which reaches the deepest ocean depth in China also missed. It's the same causation makes the two tragedies: the operation sea state becomes rough, the heave motion of the ships make the TMS also heave, little by little the tethers connecting the TMS and ROV was snapped.
To solve the problems of working in rough seas, heave compensation systems have been investigated and designed to uncouple the heave motion between the supporting ship and the TMS. Heave compensation system restrains the undesired motion between the TMS of the ROV and the supporting ship.
Heave compensation process
Two kinds of heave compensation systems are adopted widely: passive heave compensation system and active heave compensation system. The passive heave compensation system uses spring and damper to restrains the coupling motion between the ship and the TMS of the ROV. The easiness of using and maintaining makes it applied widely. But the passive compensation has some obvious shortcomings such as the compensating action is lagged and its efficiency is low. The active heave compensation system controls the position and velocity of the TMS of the ROV by an onboard system. Active heave compensation systems include winch drive heave compensation, flying sheave heave compensation, nodding boom heave compensation and sub-A frame heave compensation. Contrasted to other heave compensation system, the winch drive heave compensation has many advantages such as no additional deck space required; no additional pieces of equipment required and unrestricted take-up and payout for compensation. So the active heave compensation hydraulic winch system is adopted widely.
The hydraulic winch is the traction device of the heave compensation system. In addition, an inertial measurement unit connected to a digital signal processing computer measures the heave motion of the supporting ship. The control unit determines the speed of the hydraulic winch by managing the input voltage of an electronic-hydraulic proportional valve. The sketch of an active heave compensation hydraulic winch system is shown in figure 1 . In figure 1, W(t), S(t) and V(t) denote the motion of hydraulic winch, the motion of supporting ship and the motion of TMS respectively. If the length change of umbilical is ignored, then the heave motion of the TMS equals the heave motion of the ship plus the motion of hydraulic winch, described as follows:
The active heave compensation hydraulic winch is effective as long as the heave movement of the TMS is compensated to be less than the heave movement of the ship by controlling the motion of hydraulic winch. When V(t)=0, we can say that the heave motion of supporting ship is compensated completely.
Modeling and simulating
The transfer function of electronic-hydraulic proportional valve described as follows:
where Q(s) is the output hydraulic flow, U(s) is the control voltage, K v is the ratio coefficient and T v is the response time.
The transfer function of hydraulic winch is made from integrating the linear flow equation of valve, the dynamic flow equation of hydraulic motor and the torque balance equation of hydraulic motor, showed as follows: Where h ω is the hydraulic inherent frequency, h δ is the hydraulic damping ratio, T L is the torque of hydraulic winch and D m is the displacement of hydraulic motor.
The simulation model was built according to function (1), (2) and (3). In the computer simulation, the heave motion of supporting ship was shaped like sine wave with the amplitude value of 1 meter and the period of 7 seconds. The result of computer simulation shows as follows. Observing the simulation curves, we can conclude that the hydraulic winch can restrain the heave speed of the TMS by the degree of 70% when neglecting the measuring errors and control errors of the active heave compensation system which cannot be taken into account in the computer simulation.
Active heave compensation experiment
The result of computer simulation proved that the movement of the hydraulic winch can effectively restrains the heave motion of the TMS which induced by the heave motion of the supporting ship.
For verifying the correctness of the simulating model and acquiring the efficiency of the real active heave compensation system, an active heave compensation experiment system which includes a heave motion generating unit, a load and an active heave compensation system is built. The movement which created by the heave motion generating unit simulates the heave motion of the supporting ship. The load is a substitute of the underwater vehicle.
Heave motion measurement unit
The heave motion measure sensor is MTi -a complete miniature inertial measurement unit with integrated 3D magnetometers, with an embedded processor capable of calculating roll, pitch and yaw in real time, as well as outputting calibrated 3D linear accelerations.
The output acceleration of MTi includes the acceleration due to gravity. So the pith and roll of the ship will affect the measurement of heave acceleration.
Let h denote the heave acceleration of ship and a stand for the output acceleration of the MTi in z axis. According to coordinate transformation theory, the heave acceleration of ship is shown as follows.
Whereφ is the roll of the ship, θ is the pitch of the ship, and g is the acceleration due to gravity. Eliminating the effect of pith and roll of the ship's motions, the true heave acceleration of the ship is achieved.
The heave speed of the ship is attained by the time integral of heave acceleration. On the one hand, the integral process removes the high frequency noises; on the other hand, it generates low frequency noises. If the low frequency noise did not be removed, the value of speed will be distortion quickly. It can be eliminated by a digital high-pass filter. The transfer function of the digital high-pass filter is as follows: 
Where a 0 , a 1 , a 2 , b 1 and b 2 are the parameters of the digital high-pass filter. The speed curves before and after the filtering process is showed in figure 3 .
The MTi is connected to an embedded computer which receives the output data of MTi, completes digital signal processing, and sends the heave speed signal to the industrial computer. Then by controlling the input voltage of the electronic-hydraulic proportional valve, the speed of hydraulic winch is determined. 
Heave motion control unit
The heave motion control unit includes servo motor, servo controller, reducer, windlass and traction rope. The picture of heave motion control unit is showed in figure 4 . The traction rope traverses a fixed pulley and connects the heave motion measurement unit. The servo controller connects the industrial computer which imports the control signal and acquires the motion signal of the servo motor. The servo controller is on the speed control model, so the output speed of the windlass is proportional to the input voltage of the servo control.
In this experiment, the MTi module moved sinusoidally under the traction of servo motor. The length of wire rope connecting the hydraulic winch with the load is shorter than 10 meters, so the elastic deformation of wire rope was neglected. The hydraulic winch is equipped with an encoder to measure its rotating speed. A steel frame includes a fixed pulley. Following the rotation of hydraulic winch, the load will move up and down in the steel frame, showing in figure 5. 
Experimental Results
The heave speed of the measurement unit is acquired by measuring the control voltage of servo controller. And the heave speed of the load is attained by measuring the output of the encoder of hydraulic winch.
If neglecting the elastic deformation of the umbilical, the heave speed of the TMS is equivalent to the rotating speed of hydraulic winch. The heave speed curves of the TMS are showed in figure 6. Without active heave compensation control, the maximal heave speed of TMS exceeds 0.5m/s. If the active heave compensation system is on operating, the maximal heave speed of TMS is less than 0.15m/s, that is to say, the active heave compensation system can decrease the heave speed of TMS by up to 70%.
Conclusions
Active heave compensation system is effective to uncouple the movement between supporting ship and TMS of ROV.
The computer simulation and active heave compensation experimental prove that the active heave compensation system including hydraulic winch, measurement unit and control unit can reduce the disturbance of heave motion of the supporting ship.
For most of ROV's supporting ships equipped with hydraulic winches, the active heave compensation system is easy to build. The active heave compensation hydraulic winch is useful equipment to improve the safety of operating, launching and recovering underwater vehicle. 
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